We consider the effects of a number of models with one extra Z, with enhanced couplings to quarks, in the final hadronic channels at LEP2. We show that, for a number of representative cases, visible effects could be produced even for very low values of the lepton couplings, much smaller than the existing LEP1/SLC and the future LEP2 (lepton channel) bounds.
Introduction
It has been recently suggested [1] , [2] that a model with one extra Z ≡ Z ′ with enhanced, family independent couplings to quarks, would explain in a simple way possible departures from the SM predictions for the Z couplings to heavy quarks [3] and, at the same time, a possible excess of dijet events at CDF [4] . For non vanishing values of its charged lepton couplings, it would be possible to see the effects of such a Z ′ ("hadrophilic" in the notation of Ref. [1] ) in the final hadronic channels at LEP2 [1] under the expected experimental accuracy for the relevant observables [5] .
Following the original proposal of Refs. [1] , [2] , several papers have appeared [6] , [7] that investigate the possibility of finding a realistic theoretical model where this special Z ′ can be accomodated without introducing unwanted anomalies. In the original proposal of Ref. [6] , this goal was achieved assuming that the couplings of the Z ′ with leptons were ("approximately") vanishing. This generated the word "leptophobic" Z ′ , the "leptophobia" syndrome being substantially supported by the phenomenological evidence that leptonic widths and asymmetries are in very good agreement with the SM predictions and do not necessitate, in principle, any correction of New Physics type.
A rather fundamental detail that we want to stress at this point is that, from an experimental point of view, there is a dramatic difference between a Z ′ with "approximately" vanishing lepton couplings and one with exactly vanishing lepton couplings. The latter one, strictly speaking, could not be revealed by the conventional techniques, based on searches of virtual Z ′ effects, at future e + e − colliders [8] , [9] , so that LEP2 and NLC would be "blind" to such an effect, even for very low values of the Z ′ mass. On the contrary, a Z ′ with "small" lepton couplings might compensate this kind of weakness with a suitable enhancement of its quark couplings. In this case, the final hadronic channels at LEP2 and NLC might be able to evidentiate the hadrophilic Z ′ virtual effect in the conventional way, i.e. via small deviations in the hadronic cross section and/or asymmetries, even for substantial (in the LEP2 case, of about 1 TeV) values of the Z ′ mass. Since the point that we have just mentioned seems to us worth of being investigated in more detail, we have decided to devote this paper to a discussion of the "minimal" size of the lepton couplings that would still make a hadrophilic Z ′ visible at LEP2 1 . The outline of the paper is as follows. We describe in Section 2 a theoretical model where one Z ′ exists, with particular emphasis on its phenomenological inputs and constraints. In section 3 we present the implementation of the QED radiative corrections in the calculation of the Z ′ effects on the hadronic observables. The discussion of the numerical results is given in Section 4 and the main conclusions are summarized in Section 5.
in this paper. The reason why we showed these approximate expressions is that from their inspection a certain number of general conclusions can be already drawn. In particular:
I) the numerical square brackets that appear as first terms of the r.h.s. of eqs. (2)-(4) are the expected experimental accuracies for the various quantities (two standard deviations) at LEP2. In order to make a visible effect, all the quantities in the three curly brackets must be (at least) of order one. For values of |ξ i | reasonably larger than one (say, of about ∼ 3 to ∼ 4) one sees that e.g. values of g
TeV) would produce a visible effect in σ 5 and also in σ b . These indicative results will be substantially confirmed by the more accurate determination that we shall perform.
II) The three experimental observables of eqs. (2)- (4) clearly exhibit a different dependence on the four quark ratios ξ i . This means that a certain non trivial correlation will exist between the three "Z ′ shifts" that might be useful to differentiate a model with a Z ′ of this type from other possible competitor models of New Physics by looking at its possible combined effects in the hadronic channels at LEP2.
III) In order to perform a reasonably simple search of the aforementioned effects, a certain reduction of the number of Z ′ parameters must be enforced. This can be achieved either by imposing a number of purely phenomenological restrictions or by selecting a specific model. We shall immediately illustrate possible ways of carrying on this program in what follows.
A first simple way to eliminate one of the four quark parameters ξ i is that of using the available experimental information on the Z hadronic width Γ h . In our analysis, any possible deviation of a given observable from the corresponding SM prediction is interpreted as a "Z ′ shift". For Γ h the most recent analyses [3] give:
In the situation that we are considering, the l.h.s. of eq. (5) can also be written as δΓ
h /Γ h . For this quantity one can write, neglecting for simplicity terms of higher order in "small" parameters (like the Z − Z ′ mixing angle ϑ M , defined in the conventional way):
and the experimental result in the r.h.s. of eq. (5). Assuming for δ (Z ′ ) ρ the reasonable bound [13] :
one sees that the contribution to δ of the experimental input ∼ Γ
can be essentially ignored in the region of large |ξ Au | in which we are interested, so that one can write for practical purposes:
The previous quantity is such that, in the region of interest for LEP2, M Z ′ ≤ 1TeV, and for the worst assumption on δ
A shift like that of eq. (10) would therefore, at most, change the value of ξ Au (for fixed ξ V u , ξ Ad , ξ V d ) by an amount sensibly smaller than the "relevant" (|ξ Au | ∼ > 3) ones. In practice, and for simplicity reasons, we shall incorporate from now on the parameter δ of eq. (8) into a generalized definition of ξ Au , that will read:
and would be practically identical with the conventional ξ Au in the "large" ξ Au region for M Z ′ sufficiently below one TeV or δ
sufficiently smaller than the bound of eq.(9). As a second constraint to be used in our analysis, we shall use the condition that can be derived from the request (that we shall maintain in this paper) that the considered Z ′ is "reasonably" narrow. In practice, we shall make this statement more quantitative by demanding that
From the expression of the Z ′ width given e.g. in Ref. [1] one sees that eq. (13) leads to the constraint 3α 4s
that becomes numerically (s
Eqs. (8) and (15) are the two purely phenomenological constraints that we shall use in our analysis. To further reduce the number of parameters, extra theoretical assumptions must be enforced. One natural possibility, that has been suggested in Ref. [2] , is that of assuming that the Z ′ is associated to an extra U(1) that commutes with the standard
In terms of the Z ′ quark effective couplings, this means that g ′ uL = g ′ dL and therefore that
Following the suggestion of Ref. [2] , and assuming that anomalies can be cancelled by a proper ad hoc mechanism that is beyond the purposes of this analysis, we shall now investigate the visible properties at LEP2 of a model that meets the constraints eqs. (8), (15) and (16) and that we shall call from now on model A. Briefly, we shall perform the following operations: I) we shall concentrate on the experimental variables σ b = σ(e + e − → bb), A F B,b (the forward-backward asymmetry for bb production) and σ 5 (the cross section for hadron production at LEP2). We shall work assuming a total c.m. energy of 175 GeV and a total integrated luminosity of 500 pb −1 , following the discussion on the expected experimental accuracies given in Ref. [10] . In particular, the relative experimental errors on σ 5 , σ b and A F B,b will be taken as 0.7%, 2.5% and 5%, respectively. II) The Z ′ parameters will be chosen in the following way: the two b effective couplings ξ V b , ξ Ab will be left free to vary, within the allowed region limited by the bound imposed by the request of small Z ′ width, eq. (15). The two u couplings ξ Au , ξ V u will be fixed by the conditions of eqs. (8) and (16) . In practice this sets a limitation on |ξ i | of the kind |ξ i | < ∼ 3-4. We shall neglect for a first investigation the extra parameter δ, remembering from our previous discussion that values of δ below the limit |δ| ∼ < 1 will not change the relevant conclusions (as we checked for intermediate δ values) but will be simply reabsorbed into a redefinition of an effective ξ 
and considered different cases at fixed r. In particular, we have analysed the special situations |r| ≫ 1 (predominant axial Z ′ lepton coupling), r = 0 (predominant vector coupling), r = ±1 (left and right-handed couplings); these cases should give a picture of various possibilities that might reasonably occur in a class of theoretical models. IV) Once the values of r and of M Z ′ are fixed, the three experimental quantities that we have considered only depend on two residual effective parameters ∼ g
This means that the three relative Z ′ shifts on the observables will be related by a certain relationship that will not depend on the previous residual parameters, and will therefore lie on a certain 3d region fully characteristic of the Z ′ model. Following the notation of a previous work [14] , we have called "Z ′ reservation" this region and have computed it for the various r values. The aim of this operation was also that of showing that certain possible competitor theoretical models will generate different "reservations", which will be shown at the end of this paper.
Inclusion of QED corrections
The practical evaluation of the Z ′ shift must necessarily take into account the potentially dangerous QED radiation effects. In order to accomplish this goal, we have upgraded a Monte Carlo program, previously used for an analysis of the Z ′ effects on the leptonic observables at LEP2 [14] , to give predictions for the relevant hadronic observables σ b , A F B,b and σ 5 , keeping under control the bulk of the contribution due to the emission of soft and collinear (undetected) initial-state photonic radiation. In order to assess the normalization of the Z ′ shifts as returned by the program, the predictions for the hadronic SM quantities have been compared with the high-precision theoretical results of typically used LEP software [15] and found to be in agreement at the level of few per cent for the integrated cross sections and within 1% for the b-asymmetry. However, these small discrepancies, which have to be essentially ascribed to neglecting final-state QCD corrections, mixed electroweak-QCD contributions and finite-mass effects in our calculation, marginally affect the relevant conclusions because the neglected short-distance corrections largely cancel out in the numerical evaluation of the relative shifts in which we are interested.
Following the strategy already employed in Ref. [14] , the Z ′ contribution has been included in the lowest-order calculation of the cross section implemented in the Monte Carlo computing the s−channel amplitudes associated to the production of a(massless) pair in e + e − annihilations mediated by the exchange of a photon, a standard Z and an additional Z ′ boson. The resulting cross section has been dressed with leading weak corrections included in the form of Improved Born Approximation and the potentially dangerous distortions introduced by initial-state QED radiation have been kept under control employing the QED structure function approach [16] , i.e. convoluting the shortdistance cross section σ 0 with electron(positron) structure functions as follows
where D(x, q 2 ) is the electron (positron) structure function (whose typical expression can be found elsewhere [16, 17] ) and Θ(cuts) stands for the rejection algorithm to implement possible experimental cuts. In our analysis, we use the cut s ′ /q 2 > 0.35 (where
is the invariant mass of the event after initial-state radiation) imposed in order to avoid, according to standard LEP2 selection criteria, the unwanted events due to Z radiative return and hence disentangle the interesting virtual Z ′ effects. The numerical results obtained via the Monte Carlo program have been compared with the analytical formulae given in eqs. (2)-(4), in order to estimate the size of those Born level contributions neglected in the derivation of the analytical expressions for the Z ′ shifts written in those equations and taken into account in the numerical simulation. For simplicity reasons, this comparison has been performed assuming the relations among the couplings valid for model A but neglecting the QED corrections. The content of this analysis is summarized in Fig. 1 for the illustrative case r = −1. In this plot one can see: the results for the three hadronic observables as predicted by the analytical formulae of eqs. (2)- (4) (Fig. 1a) ; the numerical results obtained with the Monte Carlo code, switching off both the contribution of the Z ′ −exchange squared amplitude and the Z ′ width, the latter calculated according to the expression given in Ref. [1] (Fig. 1b) ; the numerical results obtained with the Monte Carlo, switching off the contribution of the Z ′ width but retaining the Z ′ squared amplitude (Fig. 1c) ; the full numerical results of the Monte Carlo, with both the Z ′ squared amplitude and Z ′ width switched on (Fig. 1d) . As can be seen from the comparison between Fig. 1a and Fig. 1b , there is a rather satisfactory agreement between analytical and Monte Carlo numerical estimates when the contributions due to non-linear effects in the Z ′ (lepton and quark) couplings introduced in the calculation of the relative deviations by the Z ′ squared amplitude and the Z ′ width are discarded. On the other hand, this step by step investigation also points out that, in view of a more precise evaluation of the global Z ′ virtual effects, the non-linear contributions in the Z ′ couplings have to be accounted for, whereas they can be neglected if one is interested in the order of magnitude of the relevant shifts. These general conclusions remain valid for all the values of r that we have considered.
Numerical results and discussion
After this preliminary check of our computational algorithm, we have drawn, for all the representative values of r, the characteristic surfaces of model A in the 3d-space of the shifts in the three considered hadronic channel observables. Contrary to the previous preliminary investigation, we have now fully imposed both phenomenological conditions eq. (12), (15) and eq. (16) and the effect due to QED radiation. Moreover, we have been limited in our analysis to values of the leptonic couplings that are essentially "small". In particular, we have assumed that these couplings would not produce any observable effect at LEP2 in the leptonic channels. From the previous analysis performed in Ref. [8] this means that, to 95% CL, the two Z ′ couplings g ′ V l , g ′ Al will have to lie within a certain region (that depends on the fixed M ′ Z value) that corresponds to an ellipse in their plane. We shall refer to this region as to the "leptonic channel ellipse" at LEP2.
The results of our calculations for different r are shown in Figs. 2-6 . The central box in the Figures corresponds to a "black" region of non visibility, drawn for simplicity in a rather conservative way starting from the assumed experimental accuracies (a more accurate estimate of the "black" region would be straightforward, but would not change appreciably our discussion). Should the experimental point lie on one of the various reservations, outside the non observability region, it would be a reasonable indication of the existence of a Z ′ of the considered type. Two more things should be now stressed. The first one is that the observability domains in the various cases are evidently not empty, as one sees from inspection. This means that for all the relevant values of r, and for Z ′ leptonic couplings not visible in the LEP2 leptonic channels, there are values of the Z ′ quark couplings in model A, consistent with the available experimental information eq. (5), that would make a narrow Z ′ visible in the LEP2 hadronic channels. The second one is that our 3d-analysis might be able in the considered example to differentiate genuine Z ′ effects from effects due to competitor theoretical models, owing to the particularly simple parameterization that is valid for the representative model A.
To make this statement more quantitative, we have considered the case of a model where anomalous triple gauge couplings [18] are present. We have followed the notations and the assumptions of Hagiwara et al. [19] , and worked in the framework of Refs.
[11], [12] , where it has been shown that the number of relevant parameters of the model in the final two fermion channel at LEP2 is reduced to two [20] . For this model, that we shall call model B from now on, it will be therefore possible to draw, in the same 3d space of Figs. 2-6 , an analogous surface that will be its characteristic feature. We have computed this curve only in Born approximation, where it can be given a simple analytic expression (all details can be easily derived from a generalization of the analysis performed in Ref. [20] ). A more accurate determination would be possible, but we know from our previous discussion that at least the dominant shape of the surface would not change. The resulting domain is shown in Fig. 7 , and one can see from inspection that it is different from the domains allowed for model A with the considered r values. There would be thus a clean differentiation of model A, from at least one reasonable alternative competitor model, provided by a careful analysis of the LEP2 hadronic channels.
The final point that we want to discuss now is the one that was raised in the introduction of our paper. Using the same computational algorithm that led us to the previous conclusions, we have tried to determine, for a convenient choice of the enhanced Z ′ quark couplings, the minimum Z ′ lepton couplings that would produce a visible effect in the hadronic channels of LEP2. For practical reasons we have now focused our attention on the two hadronic cross sections σ 5 and σ b , and imposed the visibility condition at two sigmas for each observable, given the assumed experimental precision.
In principle, our analysis could be performed allowing the Z ′ quark couplings to vary in a proper domain where the three conditions eqs. (12), (13) and (16) But for the first purposes of indication we thought that it was enough to consider a couple of typical sets of Z ′ quark couplings that met all the imposed requests and represented, so to say, two completely reasonable examples. In this spirit, we have chosen the two representative couples ξ V b = ξ Ab = 2 (couple I) and ξ V b = ξ Ab = −2 (couple II); the remaining Z ′ uu couplings have been fixed by the conditions eqs. (12) and (16), neglecting for simplicity the small parameter δ. With these choices, the constraint eq. (13) is met and all the values of the Z ′ quark couplings lie in a reasonable range, that still corresponds to a typical electroweak strength, as discussed in Ref. [1] .
The results of our investigation are shown in Fig. 8 , in correspondence to the special choice M ′ Z = 800 GeV. The main features, in our opinion, are the following ones: I) the role of σ b and σ 5 is, in this search, complementary: the first observable is more reactive to small Z ′ axial lepton couplings, the second one to small vector ones. From the combination of the two measurements, a region of (g
values of modulus typically around ∼ 0.1-0.2 appears to be still able to produce visible effects; II) typical values of the Z ′ lepton couplings that would make the Z ′ visible in the final hadronic channels are much smaller than typical values that would not make it visible in the final lepton channels (inside the lepton ellipse depicted in Fig. 8) .
These main indications that can be derived from an inspection of Fig. 8 can be generalized to a more specific search, where a proper minimization program has been used. The results of this calculation, that has been performed in Born approximation for the reasons that we have already discussed, indicate that the minimum size of the Z ′ lepton couplings in model A that would still be seen in the combined analysis of σ b and σ 5 at LEP2 (for values of the Z ′ quark couplings satisfying our requests) are, for a general Z ′ mass: |g
that are approximately five times smaller than the limits from the lepton ellipse derived from the lepton channels at LEP2. Our results eqs. (19), (20) should now be compared with the available experimental information from LEP1/SLC. This can be done if an analysis of the latter information is performed like in Ref. [1] , i.e. allowing the Z ′ couplings to be completely free (but still family independent as in our assumption). This leaves six parameters in charged leptonquark sector, to be analyzed together with the extra parameters ϑ M (the usual mixing angle) and δρ (Z ′ ) , the modification of the ρ parameter due to a Z ′ , whose relationship with ϑ M is given in eq. (7). Assuming a bound for δρ (Z ′ ) like that of eq. (9), i.e. ∼ 3 × 10 −3 , one obtains therefore an upper bound for the mixing angle:
From the available LEP1/SLC data one can derive, in general, bounds for the product of ϑ M with Z ′ couplings. Assuming that ϑ M saturates its bound, eq. (21) will consequently provide the minimal bounds of lepton couplings. From the last communicated data [3] where both LEP1 and SLC data were used, one would derive at one standard deviation and for the bound on δρ (Z ′ ) of eq. (9):
Note that, if a value of δρ (Z ′ ) as low as one permille were assumed, the corresponding minimal values would increase by almost a factor of two.
When one repeats, under the same previous assumptions, this analysis for the quark couplings, the corresponding minimal bands are in fact much larger, and somehow depending on which set of data (LEP1 or SLC) is used. Using, whenever possible, the average LEP/SLC data and following the same procedure as in Appendix A of Ref. [1] , we have found the following results:
where η M = ±1. As one sees, for the four effective ratios ξ i , values of order ∼ 10[M Z ′ /1 T eV ] are still perfectly consistent with the available experimental information. Enforcing the further constraint of reproducing a possible excess of dijet events at CDF [4] would select values of |ξ i | of about 3-4 as shown in Ref. [1] . One sees therefore that the values of ξ i that we used in the present paper are perfectly consistent with all available data.
Conclusions
In conclusion, we have analyzed a rather general theoretical model where one Z ′ exists, related to an extra U(1) that commutes with the Standard electroweak group, as suggested in Ref. [2] . Imposing on the Z ′ quark couplings to satisfy the single phenomenological condition dictated by the available experimental value of the Z hadronic width measured at LEP1, and assuming that the Z ′ width is reasonably narrow, we have taken into account a range of Z ′ quark couplings that are larger than the corresponding ones for the SM Z, but perfectly consistent with all the available experimental information.
In such a picture, we have verified that the minimum values of the Z ′ lepton couplings that would still give visible effects in the two hadronic cross sections (σ b and σ 5 ) measurable at LEP2 are those of eqs. (19) and (20) , at least five times smaller than the existing bounds from LEP1/SLC (and also five times smaller than the future bounds from negative searches in the final lepton channels at LEP2). For values of the Z ′ lepton couplings g ′ V,Al larger than those of eqs. (19) , (20) we have shown that the effects of the considered model at LEP2 would be seen in the final hadronic channels in a "reasonably" unambiguous way, for all possible choices of the ratio g (Fig. 1a) ; Monte Carlo results without the contributions of the Z ′ squared amplitude and Z ′ width (Fig. 1b) ; Monte Carlo results without the effect of the Z ′ width but with the contribution of the Z ′ squared amplitude (Fig. 1c) ; full Monte Carlo results (Fig. 1d) . (Fig. 8a ) and on σ 5 (Fig. 8b) . The two solid curves correspond to the two representative couples of ξ quark couplings ξ V b = ξ Ab = 2 and ξ V b = ξ Ab = −2 and are compared with the "leptonic channel ellipse" (dashed curve). QED corrections are included. 
